In a recent randomized, open-label trial (ECHELON-1), brentuximab vedotin (BV) combined with doxorubicin, vinblastine, and dacarbazine (AVD+BV) decreased the risk of progression in adults diagnosed with stage III or IV Hodgkin lymphoma (HL) compared with standard bleomycincontaining chemotherapy (doxorubicin, bleomycin, vinblastine, and dacarbazine [ABVD]). However, the cost effectiveness of incorporating BV (US$6,970 per 50-mg vial) into the first-line setting is unknown.
INTRODUCTION
The chemotherapy regimen combining doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) is the most common first-line treatment of Hodgkin lymphoma (HL). 1, 2 The dominant role of ABVD in treatment of HL is supported by trials demonstrating manageable toxicities, clear efficacy, and reduced risk of secondary malignancies and infertility when compared with alternative regimens. [3] [4] [5] However, bleomycin-associated pulmonary toxicity and treatment-related deaths remain a significant concern with ABVD. In fact, recent large-scale clinical efforts have focused on reducing or eliminating the use of bleomycin altogether from first-line treatment. [6] [7] [8] Brentuximab vedotin (BV), an antibodydrug conjugate targeting CD30, is highly efficacious as a single agent for relapsed and refractory HL. 9 Recent trials have incorporated BV into earlier lines of therapy, 10,11 including ECHELON-1, 8 a large randomized open-label study comparing BV combined with doxorubicin, vinblastine, and dacarbazine (AVD+BV) to standard ABVD for patients with newly diagnosed stage III or IV HL.
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After a median follow-up time of 24.6 months, there was no difference in overall survival between the two arms. 8 However, AVD+BV was associated with a 23% reduction in the risk of progression, death, or incomplete response to first-line therapy leading to subsequent anticancer treatment (modified progression-free survival [PFS] ). 8 At 2 years, this translated into an absolute reduction in disease progression of 4.9%. Acute toxicities were also significantly different between treatment arms; febrile neutropenia and overall grade 3 or greater toxicities were more common with AVD+BV, but severe pulmonary toxicities more likely with ABVD (7% v 3% for AVD+BV). 8 Along with clear differences in acute toxicities, combining BV with first-line chemotherapy adds significant drug-related expenses. Dosed at 1.2 mg/kg and available only in 50-mg single-use vials (US$6,970 per 50-mg vial), 12 BV is associated with greater drugrelated expenses compared with ABVD. However, it is unknown whether the fewer treatment failures associated with AVD+BV could reduce downstream health care expenditures and improve quality of life compared with ABVD. In this study, we use a Markov decisionanalytic model to assess the cost effectiveness of AVD+BV compared with ABVD in patients with newly diagnosed stage III or IV HL.
PATIENTS AND METHODS

Patients and Intervention
Our baseline sample was constructed to mirror the ECHELON-1 trial. 8 The age of our patient cohort was 36 years, and all individuals had stage III or IV disease. Individuals entered our model with newly diagnosed HL and received either standard ABVD or AVD+BV every 2 weeks for maximum of 12 doses. Primary prophylaxis with myeloid growth factor support was administered to patients receiving AVD+BV per recommendations from the ECHELON-1 investigators. 8 Patients receiving ABVD did not receive growth factor support given its established low risk of febrile neutropenia and potential risk of increased pulmonary toxicity when administrated with bleomycin. [13] [14] [15] Because there are no published data regarding the risk of febrile neutropenia and hospitalizations in the setting of AVD+BV with universal primary prophylaxis, we were conservative and assumed identical rates compared with standard ABVD.
Model Construction
We created a Markov model to compare health care costs and clinical outcomes associated with AVD+BV versus ABVD when treating patients with stage III or IV HL. As displayed in Figure 1 , both active therapy and remission transition states were used to capture first-line therapy through death (Data Supplement). Transition-state cycles were 3 months in duration, and a lifetime horizon was used to calculate direct health care costs and utilities. Our cost-effectiveness analysis was conducted from a US payer perspective, using a standard rate of 3% annually to discount future costs and benefits. 16 The primary outputs of the model were used to calculate the incremental cost for AVD+BV compared with ABVD in 2017 US dollars for an additional quality-adjusted life-year (QALY) gained (incremental costeffectiveness ratio [ICER] ). We assumed a willingness-to-pay threshold of $150,000 per QALY gained. 17 The model was constructed using TreeAge Pro (TreeAge Software, Williamstown, MA), and additional statistical analyses were performed using R (www.R-project.org).
Transition Probabilities
Base-case estimates and ranges for clinical probabilities are listed in Table 1 . We estimated rates of HL progression after first-line treatment out to 5 years using standard extrapolation methods. [36] [37] [38] Because ECHELON-1 used a unique modified PFS, we reconstructed individual patient-level data from the independent review committee modified PFS curve and at-risk tables, published at a median observation time of 24.6 months. 8 Individual patient-level data for the ABVD arm were best fit with a Gompertz distribution. Our predicted 5-years modified PFS from the ABVD arm of ECHELON-1 was 70.3%, comparable to 5-year PFS from contemporary clinical trials using ABVD with longer follow-up. [39] [40] [41] Using the hazard ratio reported in ECHELON-1 (hazard ratio, 0.77), we then derived transition probabilities for patients receiving AVD+BV, with the 5-year modified PFS for the AVD+BVarm in ECHELON-1 predicted to be 76.2%. Mirroring the modified PFS reported in ECHELON-1, most patients with incomplete response to first-line therapy (ie, positive end-of-therapy positron emission tomography [PET]) received salvage chemotherapy, with the remaining patients successfully treated with radiation alone. The use of PET was similar between our treatment arms; response on interim PET was not used to alter first-line therapy. 8 Patients in first remission beyond 5 years experienced age-adjusted mortality from other causes on the basis of US Life Tables available from the Centers for Disease Control and Prevention.
In addition to ECHELON-1 data, we incorporated recently published studies to derive transition probabilities in individuals who experienced relapse after first-line therapy. This included the randomized trial establishing BV as consolidation therapy after autologous stem-cell transplantation (ASCT), 11 long-term follow-up data for BV monotherapy for relapsed or refractory disease, 32 and separate reports supporting the use of agents that inhibit programed cell death protein 1. 30, 31, 42 Overall, health states after ASCT were similar to our prior model used to assess the cost effectiveness of BV in the post-transplantation setting. 25 
Costs
Baseline direct medical costs were derived from the 2017 Medicare fee schedule and relevant peer-reviewed medical literature ( Table 2 ). All costs from literature were converted to 2017 US dollars using the Medical Care component of the Consumer Price Index. Similar to prior work, 52 ,53 drug acquisition costs were derived from Centers for Medicare and Medicaid Services average sales price, taking into account rebates and discounts privately negotiated between manufacturers and payers. 54 Our drug cost calculations assumed patients weighed 70 kg but accounted for drug wastage by rounding up to the next full single-use vial size available for each dose administered. 55, 56 Because BV is only available in 50-mg singleuse vials, BV costs in the first-line setting were based on two single-use vials per dose (0.9 to 1.2 mg/kg). Further, patients experiencing progression in the first two cycles of our model (ie, within 6 months) experienced early discontinuation of their induction therapy and corresponding growth factor (AVD+BV arm). Costs for salvage cytotoxic chemotherapy and stem-cell transplantation were based on values used in previous studies and reflect paid amounts of adjudicated claims for inpatient and outpatient 
services.
44,47-49 The cost of routine monitoring included office visits and routine laboratory tests. End-of-life health care costs were estimated from published data on the cost of care in the last year of life for patients with cancer compared with the general Medicare population.
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Utilities
Baseline clinical utilities for various health states were based on published literature (Table 3 ). Because quality-of-life data comparing AVD+BV to ABVD are not currently available, we were conservative and range by expert opinion Probability of death during ABVD treatment 0.0197 0.006-0.02 Viviani et al, 5 Johnson et al, 6 Connors et al 9 Chen et al, 26, 27 Moskowitz et al, 28 Anderlini et al 27 Moskowitz et al, 28 Anderlini et al 29 Average survival with refractory disease, years 2.5 1.0-3. 5 Hui et al, 25 Arai et al, 33 Kaloyannidis et al, 34 Crump Abbreviations: ABVD, doxorubicin, bleomycin, vinblastine, and dacarbazine; AVD+BV, brentuximab vedotin plus doxorubicin, vinblastine, and dacarbazine; allo-SCT, allogeneic stem-cell transplantation; ASCT; autologous stem-cell transplantation; BV, brentuximab vedotin; PFS, progression-free survival. assumed similar baseline utilities regardless of first-line regimen. However, our model did incorporate treatment-related mortality reported by ECHELON-1 (1.36% for AVD+BV and 1.97% for ABVD). Using methods previously described, 25 we also used quality-of-life data published from the randomized study comparing BV to placebo for consolidation after ASCT to inform our clinical utilities in the post-transplantation setting.
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Sensitivity Analysis
We performed a series of sensitivity analyses to evaluate the robustness of our conclusions. We varied the value of model parameters one at a time during one-way sensitivity analysis to examine the individual effects on the ICER. We also performed scenario analyses to investigate the impact of primary prophylaxis with myeloid growth factor on the cost effectiveness of AVD+BV. During probabilistic sensitivity analysis (PSA), we performed 10,000 Monte Carlo simulations, each time randomly sampling from the distributions of model inputs. Clinical probabilities and health utilities were represented by b distributions, whereas costs were represented by g distributions.
Finally, we performed a sensitivity analysis accommodating indication-specific pricing, where the price of BV used in combination with chemotherapy in the first-line setting varied from the cost of BV monotherapy used at relapse. Although the current price of BV may not be cost effective in some relapsed settings, 25 we assumed BV monotherapy would remain at its current price when calculating reductions in drug acquisition costs required for BV to become cost effective in the first-line setting.
RESULTS
Baseline Analysis
Results of the baseline cost-effectiveness analysis are listed in Table 4 . AVD+BV led to significantly higher health care costs compared with standard treatment with ABVD ($361,137 v $184,291, respectively), with an incremental cost of $176,846. After applying quality-of-life adjustment and future discounting, AVD +BV was associated with an improvement of 0.56 QALYs compared with standard treatment with ABVD (19.86 vs. 19.3 QALYs, respectively). Therefore, the ICER for AVD+BV versus ABVD was estimated at $317,254 per QALY.
Sensitivity Analyses
The results of one-way sensitivity analyses are presented in Figure 2 . The model was most sensitive to the modified PFS hazard ratio for AVD+BV compared with ABVD, with ICERs ranging from $156,505 per QALY to $848,576 per QALY when varying the hazard ratio between 0.6 and 0.90. Additional parameters with significant contribution to model conclusions were the discount rate, utility of remission states, and the probability of using pegylated filgrastim rather than filgrastim for primary prophylaxis during AVD+BV. For example, varying the probability of receiving the more expensive pegylated filgrastim between 0.45 and 0.85 caused the ICER of AVD+BV to increase from $302,843 per QALY to $331,665 per QALY. If growth factor support during AVD+BV was exclusively limited to the least costly filgrastim, the ICER for AVD+BV compared with ABVD was reduced to $270,419 per QALY. Furthermore, if no growth factor support was required for AVD+BV, the ICER became $249,640 per QALY. All ICERs in our one-way sensitivity analyses remained greater than $150,000 per QALYacross broad ranges for each model parameter. Furthermore, only nine of 10,000 iterations during our Monte Carlo simulation produced ICERs less than $100,000. In total, 95% of iterations during our PSA produced ICERs for AVD+BV compared with ABVD between $159,408 per QALY and $903,061 per QALY (Table 4) . Cost-effectiveness acceptability curves are presented in Figure 3 ; the distribution for our PFS hazard ratio used during PSA is provided in the Data Supplement.
We also considered a scenario where indication-specific pricing was implemented. Here, BV used as monotherapy in the salvage and post-ASCT settings remained at the current price of $6,970 per 50-mg vial, but BV combined with chemotherapy in the first-line setting was discounted. Our model estimates that reductions in the acquisition costs for BV used in the first-line setting of 56% and 73% would translate into ICERs of $150,000 per QALY and $100,000 per QALY, respectively (Data Supplement).
Modeled Clinical Outcomes
In addition to calculating the incremental costs and utilities associated with AVD+BV compared with ABVD, we used our model to estimate long-term clinical outcomes. Although many patients experiencing progression after first-line therapy are successfully treated with salvage therapy in our model, some succumb to treatment-and lymphoma-related deaths, with nonfuture discounted survival favoring AVD+BV by an average of 1.34 years (39.04 years for AVD+BV v 37.7 years for ABVD). Model-derived 10-year outcomes are provided in the Data Supplement. As expected, the AVD+BV cohort required less use of salvage chemotherapy and ASCT compared with patients treated with ABVD. Here, use of AVD+BV led to a nearly 4% absolute reduction in salvage chemotherapy (22.8% for AVD+BV v 26.6% for ABVD) and a 3% absolute reduction in need for ASCT (18.3% for AVD+BV v 21.3% for ABVD). 47 Cheung et al, 57 Ramsey et al, 60 Swinburn et al 61 Abbreviations: PET, positron emission tomography; QALY, quality-adjusted life-year.
DISCUSSION
ECHELON-1, a large randomized open-label trial, was recently reported comparing standard ABVD to AVD+BV in the first-line setting for stage III or IV HL. 8 At a median follow-up of 24.6 months, investigators found fewer first-line treatment failures in the AVD+BV arm. 8 However, the reduction in treatment failures comes at a cost, with AVD+BV carrying greater grade $ 3 acute toxicities and considerable drug-related expenses when compared with standard ABVD. Our model did not find that higher drugrelated expenses of AVD+BV were offset substantially by lower relapse costs or improved quality of life, with AVD+BV compared with ABVD producing an ICER of $317,254 per QALY.
Although decision-analytic models are subject to inherent limitations related to the data available to populate the model, our study has important strengths. First, our model was based on results from a large randomized trial directly comparing AVD+BV to ABVD. 8 Second, our model incorporates contemporary data to reflect recent advances in the treatment and outcomes of individuals with HL, including the use of BV for consolidation after transplantation and use of novel immunotherapies in relapsed disease.
11, [30] [31] [32] 42 Our analysis also accounts for drug wastage by calculating drug costs on the basis of the number of single-use vials used rather than actual dose administered. Prior cost-effectiveness analyses for hematologic malignancies infrequently accounted for drug wastage in cost calculations, 56 yet the economic impact can be substantial. 62 In fact, not accounting for drug wastage of BV and nivolumab in our model for an average patient weighing 70 kg reduces the ICER from our base case of $317,254 per QALY down to $228,743 per QALY. Although scheduling patients on the same day to share drug vials has the potential to minimize wastage of high-cost therapies, opportunities are likely to be limited in the setting of advanced HL given its relatively low incidence. Further, safety concerns remain for vial sharing, with the Centers for Disease Control and Prevention stating that single-use vials should only be used for a single patient. 63 Finally, we were conservative when populating our Markov model, selecting values for our base case parameters that favored BV when more than one reasonable value was available. For example, although ECHELON-1 reported a greater incidence of febrile neutropenia in the AVD+BV arm (19% v 8% for ABVD), 8 we chose to accept that primary prophylaxis with myeloid growth factor support would reduce the incidence of febrile neutropenia in patients receiving AVD+BV to that of standard ABVD. However, it is important to note that even if primary prophylaxis for AVD+BV reduced the incidence of febrile neutropenia below that of standard ABVD, our model conclusions would not significantly change.
Although our study has multiple strengths, there are several limitations to consider. First, approaches for treating HL are evolving and now include PET-adapted therapy. 6, 64 Similar to ECHELON-1, our model does not include changes to first-line therapy on the basis of interim PETresponse. The recently reported RATHL (Response-Adjusted Therapy for Advanced Hodgkin Lymphoma) trial randomly assigned patients with negative interim PET after two cycles of ABVD to the standard six cycles of ABVD or to doxorubicin, vinblastine, and dacarbazine (AVD) for cycles 3 to 6.
6 Although this noninferiority trial crossed its prespecified margin, outcomes remained excellent in the AVD arm; consequently, many clinicians have adopted this approach given the reduction in serious pulmonary toxicity. 65 If the efficacy of the two arms in the RATHL trial is assumed to be equivalent, the improved adverse effect profile from the study arm (ABVD for two cycles followed by AVD for four cycles if interim PET is negative) would likely further reduce the cost effectiveness of AVD+BV compared with the non-PET-adapted ABVD used in our ECHELON-1-derived model.
Although data from randomized clinical trials informed much of our cost-effectiveness model, uncertainly exists concerning post-ASCT relapse as a result of recent clinical advancements with relatively short-term follow-up. 30, 31, 42 Similar to our prior costeffectiveness analysis of BV in post-ASCT consolidation, 25 our current model incorporates salvage chemotherapy, BV monotherapy, programed cell death protein 1 blockade, and allogeneic stem-cell transplantation in the relapsed or refractory setting. Although we used multiple sources for our health care costs and included broad ranges during sensitivity analysis, future analyses may benefit from using real-world cost and clinical effectiveness data.
66 However, our model is most influenced by parameters informing health transition states before late refractory disease, and model conclusions are robust despite current uncertainties concerning the durability of modern treatment advances for relapsed or refractory HL.
Finally, our cost-effectiveness analysis considers only direct health care expenditures. Future economic benefits resulting from improved survival in this relatively younger population of patients could be considerable. However, long-term survivors of HL also have greater incidence of serious comorbidities, including cardiac and secondary malignancies, and our use of agematched US Life Tables to model long-term clinical outcomes in our HL cohort does not consider late inferior clinical outcomes reported in survivors of HL. 67 Our model does assign lower quality of life during subsequent lines of therapy and second remission compared with durable remissions after first-line treatment. However, the ICER of AVD+BV compared with ABVD is likely to be lower than our base case prediction for a subset of patients in whom AVD+BV may offer greater safety (ie, baseline pulmonary dysfunction) or when toxicities related to subsequent lines of therapy (ie, infertility) are particularly important to a given patient. In addition to assessing the cost effectiveness of AVD+BV compared with ABVD under current drug pricing in the United States, we used our model to estimate drug acquisition costs if indication-specific pricing were implemented. Here, BV used with chemotherapy in the first-line setting would be priced lower than BV used in the relapsed or refractory setting as a result of lower marginal clinical utility. 68 Our model predicts that considerable price reduction (56% to 73%) to BV used in the first-line setting would be required to produce more widely acceptable ICERs ($100,000 to $150,000 per QALY). Although indication-specific pricing can lead to profit maximization and reduce consumer surplus, 69 we and others would argue that profit maximization currently exists and present-day drug prices have little association with underlying clinical utility. 70 Although administrative challenges would need to be overcome, indication-specific and value-based pricing in the United States offers the potential to better align drug prices to their utility and incentivize the development of highly effective therapies.
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Although BV is an active treatment for HL, incorporating this agent into first-line therapy for advanced HL is not a cost-effective strategy. Our study suggests that reductions in downstream health care costs and improvements in outcomes associated with AVD+BV do not offset up-front drug costs associated with BV and the need for myeloid growth factor. Some have hailed AVD+BV as the new standard for advanced-stage HL, 8 whereas others are waiting for long-term data before recommending AVD+BV over ABVD. 72 In the past, studies showing improvement in PFS alone did not dissuade clinicians from using ABVD, with most oncologists waiting for long-term toxicity and survival data of doseescalated therapy. 5 Only time will tell whether higher costs related to 100,000 300,000 500,000 700,000 900,000
Hazard ratio for modified progression (AVD+BV compared with ABVD) Discount rate Utility of first remission Probability of death during ABVD Utility of second remission Probability of death during AVD+BV Probability of pegylated filgrastim as primary prophylaxis Probability of remission after allo-SCT Probability of chemotherapy-sensitive disease in first relapse Probability of brentuximab consolidation after ASCT if ABVD in first line Probability of allo-SCT after ASCT failure Probability of brentuximab consolidation after ASCT if AVD+BV first line
Probability Cost-effectiveness acceptability curves. Results of the probabilistic sensitivity analysis based on 10,000 iterations of the Markov model. ABVD, doxorubicin, bleomycin, vinblastine, and dacarbazine; AVD+BV, brentuximab vedotin plus doxorubicin, vinblastine, and dacarbazine; QALY, quality-adjusted life-year; USD, US dollars.
